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Gallium nitride is grown by metalorganic vapor phase epitaxy with and without a 
low-temperature-grown AIN buffer layer. Variations in the surface morphology and the layer 
properties are compared between two-step growth and direct growth to study the effects of various 
growth conditions. It is found that (i) conditions that stabilize the GaN(OOO1) surface serve as 
guidelines for obtaining mirrored surfaces, and (ii) raising GaN growth temperature improves 
crystallographic, electrical, and luminescence properties of GaN. The observed improvement in the 
layer properties with increase in GaN growth temperature suggests that increasing N2 dissociation 
pressure does not affect GaN properties. GaN growth conditions are analyzed thermodynamically to 
show that NH3 in the growth ambients has the potential to suppress thermal dissociation of 
- GaN. 0 1995 American Institute of Physics. 
1. INTRODUCTION 
Gallium nitride has a direct band gap of 3.39 eV at room 
temperature,t-” and has been extensively studied as a prom- 
ising material for light emitting devices in the visible-to- 
ultraviolet region. GaN is also important as one of the end 
binaries of a wide-gap quaternary alloy system, InGaAlN.4-” 
This system is characterized by a direct band gap covering a 
spectral range of 2-6 eV and has the potential for construct- 
ing lattice-matched double heterostructures. These character- 
istics allow large flexibility for making high-performance op- 
tical devices within this wide spectral range. 
The first problem with GaN crystal growth is high N, 
dissociation pressure at growth temperatures.7 In solution 
growth from Ga and Na, raising growth temperature is im- 
portant to increase N solubility in the Ga solution, but this 
causes a significant increase in N2 dissociation pressure of 
GaN.* For example, it is necessary to increase temperature to 
1500 “C and pressure to 1.6X104 atm to obtain N solubility 
of 2% and GaN growth rates of l-10 +nAr.’ Consequently, 
GaN has usually been grown heteroepitaxially from the va- 
por phase to allow lower growth temperatures.“l’ Most ex- 
periments use sapphire (0001) for the substrate and NH, for 
the N source, and grow single-crystal GaN at 900-1100 “C 
under 0.1-l atm. 
When GaN is grown directly on sapphire, however, 
three-dimensional (3D) growth is unavoidable due to the lat- 
tice mismatch and chemical dissimilarity between GaN and 
sapphire. This degrades the f&n quality, as seen in structured 
surfaces with prominent hexagonal hillocks,lo~‘l x-ray rock- 
ing curve (XRC) widths above -10 m&l2 n-type conduc- 
tion with electron concentrations of the order of 1018-101g 
cm-3,171a and deep-level (DL) emission in luminescence 
spectra.r3 Such high electron concentrations make it difficult 
to grow p-type GaN. Since no residual impurities of these 
concentrations are detected in GaN,r4 the dominant donor is 
thought to come from native defects. The origin of the native 
defects is usually assumed to be N vacancies caused by ther- 
mal dissociation,’ on the basis of thermal instability observed 
for GaN above 600 ‘Cl5 Actually, GaN has N, dissociation 
pressure of l-lo3 atm even at epitaxial growth temper- 
atures.7-g There is also a report which attributes the DL 
emission to N-vacancy related complexes.‘6 
It has recently been shown that 3D growth of GaN on 
sapphire is effectively suppressed by a two-step growth tech- 
nique which uses low-temperature-grown AlNi7 or GaN’a as 
a buffer layer. GaN-was grown by atmospheric-pressure 
metalorganic vapor phase epitaxy (MOVPE) using Hat7 or a 
mixed gas of H2 and N,” as a carrier gas. This growth tech- 
nique resulted in mirrored surfaces, XRC widths within a 
few minutes, electron concentrations below 1017 cm-3, and 
greatly reduced DL emission. Based on this growth tech- 
nique, p-type GaN was obtained by electron-beam 
irradiationlg or thermal annealing’0 of Mg-doped crystals. 
Two-step growth using low-pressure MOVPE has also been 
reported to be effective for growing high-quality GaN.” 
In spite of these advances in growth techniques, limited 
information is available about the effects of various growth 
conditions on GaN two-step growth. Although the relation- 
ships between GaN properties and growth conditions for the 
buffer layer have been reported,‘7*18 little is known about 
how GaN properties are affected by annealing conditions of 
the buffer layer and growth conditions of the GaN. Further- 
more, improvement in the electrical and luminescence prop- 
erties by suppression of 3D growth raises the question as to 
whether the high N, dissociation pressure of GaN really af- 
fects the layer properties. This is quite an important question 
because it is generally believed that the high temperatures 
required for GaN epitaxial growth might impede improve- 
ment of GaN properties. In general, raising the growth tern- 
perature is effective in improving the crystallinity and purity 
of epitaxial layers, unless it causes dissociation of the crystal. 
Therefore, it is important to determine the growth- 
temperature range in which thermal dissociation limits GaN 
properties. 
The purpose of this study is to show the conditions 
needed to improve the surface morphology and layer prop- 
erties of GaN and to show the effects of thermal dissociation 
iu GaN epitaxial growth. We therefore studied the surface 
morphology, and the crystallographic, electrical and lumines- 
cence~properties of GaN grown on an AlN buffer layer. This 
article describes the effects of growth conditions in two-step 
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growth, and compares them with those in direct growth. 
Based on these experimental observations, MOVPE growth 
conditions are analyzed thermodynamically in order to ex- 
plain the effects of Nz dissociation pressure on the GaN ep- 
itaxial growth. 
Pyramid-Like Hillock 
FIG. 1. Typical surface morphologies observed in direct growth of GaN on 
sapphire (0001). 
II. CRYSTAL GROWTH 
Ill. RESULTS AND DISCUSSION 
GaN(OOO1) single crystals were grown on sapphire 
(0001) substrates with and without AlN buffer layers. The 
source gases were trimethyl-gallium (TMGa), trimethyl- 
aluminum (TMAl) and NH,, and the carrier gas was Hz or 
Nz. GaN and AlN were grown in an MOVPE system 
equipped with a horizontal quartz reactor.“‘” A graphite sus- 
ceptor was rf heated and the temperature was controlIed by 
feeding back a thermocouple reading. Prior to growth, the 
susceptor surface temperature was measured with an optical 
pyrometer for correcting the thermocouple reading. The sub- 
strates were degreased in organic solvents and annealed in 
Ha at 1100 “C just before growth. 
This section first describes how GaN surface morphol- 
ogy depends on growth conditions in direct growth. These 
results provide important information for obtaining GaN 
with mirrored surfaces in two-step growth. Growth condi- 
tions for two-step growth are then optimized for crystallo- 
graphic, electrical, and luminescence properties of GaN. 
Last, thermodynamic properties of GaN and NH, are dis- 
cussed to explain the observed dependence of GaN proper- 
ties on growth conditions. 
A. Surface morphology in direct growth 
In order to study the effects of growth conditions on 
direct growth, GaN was grown directly on sapphire at 
growth temperatures of 900-1200 “C. TMGa flow rate was 
4-80 pmol/min, Ha or N, carrier-gas flow rate was 0.55- 
10.0 slm (standard liter per minute), and total pressure was 
about 0.1 or 1 atm. The NHs flow rate was 2.5 slm and the 
growth time was 0.5-2 h. 
The two-step-growth conditions are shown in Table I. 
40-60-rim-thick AlN was grown in Ha carrier gas at 800 “C 
and annealed in NH, at 1000-1200 “C. The TMAl and H, 
flow rates during AlN growth were fixed at 4 pmollmin and 
4.4 slm. Although AlN is polycrystalline when grown, it re- 
crystallizes into a single crystal by annealing above 1000 “C. 
GaN was grown on the AlN at 950-1100 “C! with TMGa 
flow rates with 20 and 40 pmol/min. The carrier gases were 
Hz and Nz with flow rates of 4.4 slm. Growth time was 
adjusted to keep the GaN thickness constant at 3-4 m. The 
NHs flow rate was fixed at 2.5 slm throughout the growth 
process. The effects of growth conditions in the two-step 
growth was studied under low pressure (-0.1 atm) for com- 
parison with direct growth. This is because continuous films 
cannot be grown by direct growth under atmospheric pres- 
sure when the carrier gas is Hz.” Direct growth under low 
pressure can lead to continuous film growth in both Ha2 and 
NZa carrier gases. 
GaN grown directly on sapphire shows a variety of sur- 
face morphologies that depend on growth conditions. Typical 
surface morphologies observed in direct growth are shown in 
Fig. 1. The two films on the left have pyramid-like hillocks, 
while’the two films on the right have truncated-pyramid-like 
or plate-like hillocks. This morphological variation suggests 
that certain conditions stabilize the GaN(OOO1) surface, and 
hence flatten the tops of the hillocks. Another noteworthy 
feature in Fig. 1 is that continuous films are grown in the 
upper two cases, whereas discontinuous island growth takes 
place in the lower two cases. This morphological variation 
suggests that certain conditions enhance nucleation and lat- 
eral growth on the substrate, which are necessary for the 
growth of continuous films. We expect to be able to contain 
continuous films with flat surfaces by simultaneously achiev- 
ing conditions for stabilizing the (0001) surface and enhanc- 
ing continuous film growth. In the following, the relation- 
ships between surface morphology and various growth 
conditions are described in terms of these morphological 
variations. The results are given in Table II. 
1. Growth in H2 carrier gas 
GaN grown in H, carrier gas shows all the surface mor- 
phologies that appear in Fig. 1, depending on growth condi- 
tions. The effects of various conditions on growth in Ha are 
discussed in detail in Ref. 22, and are summarized as fol- 
lows. Continuous films can be obtained only by low-pressure 
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TABLE II. Effects of various growth conditions on surface morphology in 
GaN direct growth. 
(OOOl)-surface- Accompanying 
stabilizing conditions problems 
Ha partial pressurea 
Total pressure 
High Suppression of 
nucleation 






TMGa flow rate 
‘Growth in Na carrier gas can be regarded as the limit of reducing the Ha 
partial pressure, if it is assumed that Na is inert in GaN growth ambients. 
growth under low Ha partial pressure. Under these condi- 
tions, increasing the H, partial pressure changes the hillock 
shape from pyramid like to truncated-pyramid like. However, 
further increases in H2 partial pressure causes discontinuous 
island growth and finally results in no film growth. These 
results suggest that high H, partial pressure stabilizes the 
(0001) surface, but suppresses nucleation and lateral growth 
on the substrate. 
Under atmospheric pressure, continuous films cannot be 
grown and there is a wide range of conditions for no film 
growth. This suggests that high total pressure suppresses 
nucleation and lateral growth on the substrate. However, a 
comparison between atmospheric-pressure growth and low- 
pressure growth under the same conditions shows the follow- 
ing difference in the hillock shape: GaN grown under atmo- 
spheric pressure has plate-like islands, but GaN grown under 
low pressure has pyramid-like islands. This suggests that 
high total pressure is effective for stabilizing the (0001) sur- 
face. 
Raising the growth temperature under conditions for dis- 
continuous island growth results in no film growth. Raising 
the growth temperature under conditions for continuous film 
growth changes the hillock shape from pyramid like to 
truncated-pyramid like, without affecting the growth of con- 
tinuous films. However, too much of an increase in the 
growth temperature causes thermal pitting on GaN surfaces. 
For these reasons, temperatures above 1100 “C are not useful 
for GaN growth. These results indicate that raising the 
growth temperature stabilizes the (0001) surface, but makes 
re-evaporation of reactant species significant. 
Reducing the TMGa flow rate is also effective for flat- 
tening the tops of the hillocks. This is due to the (OOOl)- 
surface stabilization with reduced growth rate. However, this 
approach is also unsuccessful because flattening is insuffi- 
cient under conditions that provide practical growth rates. 
2. Growth in N2 carrier gas 
GaN grown in N2 carrier gas, on the other hand, always 
shows continuous surfaces with pyramid-like hillocks. This 
does not depend on the other growth conditions. Thus, the 
use of N2 carrier gas enhances continuous film growth but 
impedes stabilization of the (0001) surface. These are oppo- 
site to the effects of increasing the Ha partial pressure. Judg- 
ing from the fact that GaN cannot be grown from TMGa and 
w 
J?IG. 2. Surface morphology of GaN grown (a) in Ha and (b) in Na under 
low pressure on AlN buffer layers. GaN was grown at a temperature of 
1000 “C and a TMGa flow rate of 20 pmol/min. The thickness of GaN is 
3-4 pm. 
N2, we think that N2 has little chemical effect on GaN 
growth. If it is assumed that N, is inert in GaN growth am- 
bients, growth in N, can be regarded as the limit of the H2 
partial pressure becoming zero. 
Consequently, the conditions for stabilizing the (0001) 
surface oppose the conditions for growing continuous films 
with sufficient thickness. This is the reason that continuous 
films with flat surfaces are difficult to obtain in direct 
growth. 
B. Surface morphology in two-step growth 
In Ref. 24, it was reported that an AlN buffer layer en- 
hances nucleation and lateral growth and is therefore impor- 
tant for growth of GaN with mirrored surfaces. However, we 
found that the use of the buffer layer does not always lead to 
mirrored-surface growth. In this subsection, we discuss the 
growth conditions for mirrored surfaces by describing the 
dependence of GaN surface morphology on growth condi- 
tions in low-pressure two-step growth. 
We have shown in the preceding subsection that high 
total pressure is effective for flattening the surfaces but not 
for continuous film growth. This is consistent with a result 
reported in Ref. 24, where GaN was grown in a H2 carrier 
gas under atmospheric pressure to obtain a mirrored surface 
on a buffer layer. Under these conditions, GaN grown di- 
rectly on sapphire was composed of (OOOl)-surface- 
stabilized separate islands. Conversely, low pressure en- 
hances continuous film growth but impedes flattening the 
surfaces. This fact restricts growth conditions for mirrored 
surfaces in low-pressure two-step growth. Figure 2 compares 
the surface morphologies of GaN grown at 1000 “C in Ha 
and N, carrier gases under low pressure on AlN buffer lay- 
ers. The TMGa flow rate was fixed at 20 ,xmol/min, which 
corresponds to a GaN growth rate of 1.5-2 pm/h. GaN 
grown in H2 shows a mirrored surface [Fig. 2(a)], but GaN 
grown in N2 shows an uneven surface [Fig. 2(b)]. The use of 
N, carrier gas impedes the (OOOl)-surface stabilization, and 
is therefore not suitable for GaN growth under low pressure. 
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FIG. 3. Effect of GaN growth temperature on surface morphology in low- 
pressure growth of GaN on an AlN buffer layer using Ha carrier gas: (a) 
1050 “C, (b) 1000 ?I. TMGa flow rate is 40 pmolfmin and GaN thickness is 
3-4 q. 3-4-pm-thick GaN grown at the same temperatures with a TMGa 
flow rate of 20 ~mol/min forms mirrored surfaces similar to (a). 
Figure 3 shows the-dependence of surface morphology 
on GaN growth temperature. GaN was grown at a TMGa 
flow rate of 40 pmol/min in H2 carrier gas. This TMGa flow 
rate corresponds to a GaN growth rate of 3-4 pm/h. Al- 
though a mirrored_surface is obtained at 1050 “C [Fig. 3(a)], 
grooves in the (2110) direction appear on the GaN surface at 
1000 “C [Fig. 3(b)]. Mirrored surfaces can also be obtained 
by decreasing the TMGa flow rate by a factor of 2, when the 
growth temperature and the film thickness of GaN are kept 
constant. Since low growth temperature and a high growth 
rate impede the (OOOl)-surface stabilization, these conditions 
should be avoided in low-pressure growth of GaN. 
The above results show the importance of the (OOOl)- 
surface stabilizing conditions for growing mirrored surfaces. 
The effectiveness of these conditions can also be seen by 
examining the conditions used in the previous studies of two- 
step growth, which are summarized in Table III. In Refs. 17 
and 24, GaN was grown in Ha under atmospheric pressure. 
In Ref. 18, NZ was mixed with the carrier gas, but growth 
was carried out under atmospheric pressure. In Ref. 21, GaN 
was grown under low pressure, but the carrier gas was Ha. 
These results are all consistent with the (OOOl)-surface sta- 
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FIG. 4. XRC width of the GaN(0004) reflection as a function of AlN an- 
nealing temperature. GaN was grown in Ha carrier gas at 1050 “C with a 
TMGa flow rate of 20 pmol/min. 
C. Crystallographic, electrical, and luminescence 
properties 
Crystallographic properties of GaN were characterized 
by the double-crystal x-ray diffraction method. XRC width 
of the GaN(0004) reflection was measured with the 
GaAs(311) plane as the first crystal. The GaAs(311) plane 
has a Bragg angle (28,=72.9”) very close to that of the 
GaN(0004) plane (2$ =73.0”). First we studied the effect of 
the AlN annealing temperature by growing GaN on AlN 
buffer layers annealed at various temperatures. GaN was 
grown in H, carrier gas at 1050 “C with a TMGa flow rate of 
20 pmollmin. GaN has mirrored surfaces under these growth 
conditions. The XRC width (FWHM) of GaN is shown as a 
function of the AlN annealing temperature in Fig. 4. The 
XRC width decreases monotonically as the AlN annealing 
temperature increases. The effect of further increasing the 
AlN annealing temperature was not studied because of the 
limitations of the growth system. However, taking thermal 
stability of AlN into consideration, this would probably be 
effective for improving the GaN crystallinity. 
Next we studied the relationship between the GaN 
growth temperature and the layer properties. GaN was grown 
at 950-1100 “C in HZ carrier gas at a TMGa flow rate of 20 
pmol/min on AlN buffer layers annealed at 1200 “C. The 
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Ha 2.5 slm 
1 X lo4 atm-‘” 
3.7x106 
‘Calculated at the growth temperature, by using thermodynamic data reported by Karpinski et al. (Ref. 9). 
J. Appl. Phys., Vol. 77, No. 1, 1 January 1995 T. Sasaki and T. Matsuoka 195 
Downloaded 25 Aug 2011 to 130.34.134.250. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions
_ \ ‘.. \ -2 .- 
5 ‘-b----8 
g IO - Direct growtt 
: :& o/% 
gstep growth 
01 
950 1000 1050 1100 
GaN Growth Temperature (“C) 
FIG. 5. Relationship between GaN growth temperature and XRC width of 
the GaN(0004) reflection. Open circles show results for two-step growth and 
closed circles show those for direct growth. GaN was grown in Hz carrier 
gas at a TMGa flow rate of 20 pmol/min. 
growth-temperature dependence of the XRC width for GaN 
on an AlN buffer layer is shown in Fig. 5. The XRC width 
decreases with rise in GaN growth temperature and has a 
minimum at 1050 “C. In Fig. 5, the growth-temperature de- 
pendence observed in direct growth under the same condi- 
tions is also plotted for comparison. Under these conditions, 
continuous films grow even without a buffer layer. The XRC 
width of GaN grown directly on sapphire shows a monotonic 
decrease with rise in temperature. Thus, the improvement in 
the GaN crystallinity with a rise in temperature is consistent 
between direct growth and two-step growth, except for tlie 
two-step growth at 1100 “C. Since this temperature is lower 
than the AlN annealing temperature, there is no reason for 
AlN to degrade before introduction to TMGa into the reactor. 
We suspect that some unexpected reaction which degrades 
! the GaN crystallinity takes place between AlN and Ga- 
containing species at this temperature. 
Our results for the growth-temperature dependence of 
the XRC width conflict with those reported in Ref. 17, where 
the ,XRC width of GaN was reported to increase monotoni- 
cally with rise in GaN growth temperature. The reason for 
this discrepancy is unclear. However, from the agreement 
between two-step growth and direct growth observed in this 
study, we consider raising growth temperature to be impor- 
tant for improving GaN crystallinity. 
Raising the GaN growth temperature also improves the 
electrical and luminescence properties of GaN. Figure 6 
shows electron concentration and mobility of GaN measured 
at room temperature by the van der Pauw method. Electron 
concentration decreases and mobility increases with rise in 
temperature, both for GaN grown with and without a buffer 
layer. We analyzed such residual impurities as C, 0, and Si 
by secondary ion mass spectroscopy. The concentrations of 
these donor impurities are less than the detection limits, and 
cannot account for the observed electron concentrations. We 
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FIG. 6. Relationship between the GaN growth temperature and electrical 
properties measured at room temperature by the van der Pauw method. 
Circles show erectron concentrations and squares show mobility. Open sym- 
bols show results for two-step growth and closed symbols for direct growth. 
therefore agree with the assignment of the dominant donor in 
GaN to native defects. 
To evaluate the luminescence properties of GaN, we 
studied the intensity ratio of the DL emission to the near- 
edge emission in a photoluminescence (PL) spectrum. The 
measurement temperature was 77 K and the excitation source 
was a He-Cd laser with an oscillation wavelength of 325 nm. 
When evaluating the DLremission intensity, it is important to 
select an appropriate resolution for the optical system, be- 
cause the use of resolution that is too high tends to overlook 
a broad emission band. PL spectra of GaN taken with high 
and low resolutions are compared in the inset of Fig. 7. The 
DL emission around 555 nm is suppressed more in the spec- 
trum taken with a resolution of 0.15 nm (a) than in the spec- 
trum with a resolution of 3 nm (b). We therefore used a 
resolution of 3 nm. In Fig. 7, the peak intensity of the DL 
emission relative to the near-edge emission around 360 nm is 
plotted as a function of the GaN growth temperature. The 
relative DL-emission intensity decreases monotonically with 
rise in GaN growth temperature, both for GaN grown with 
and without a buffer layer. This result shows that raising 
GaN growth temperature decreases crystal defects that cause 
the DL emission. 
In Ref. 24, it was reported that GaN grown on a buffer 
layer shows much smaller DL emission than GaN grown 
directly on sapphire. However, a comparison of samples 
shown in Fig. 7 showed no significant difference between 
two-step growth and direct growth. In our experiments of 
direct growth, GaN grown in the discontinuous-island- 
growth mode shows much larger DL emission than GaN 
grown in the continuous-film-growth mode. We therefore 
consider that the difference reported in Ref. 24 is not caused 
by the difference between two-step growth and direct 
growth, but by the difference between continuous film 
growth and discontinuous island growth. 
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FIG. 7. Effect of GaN growth temperature on relative intensity of DL emis- 
sion, I,,,/I,,, , in PL spectra. Open circles show results for two-step growth 
and closed circles for direct growth. The measurement temperature was 77 
K and the resolution was 3 nm. PL spectra taken with high and low resolu- 
tions are compared in the inset: (a) 0.15 nm, (b) 3 run. 
Consequently, raising the AlN annealing temperature and 
the GaN growth temperature is important for improving GaN 
properties. The improvement with higher growth temperature 
is consistent with the general tendency in epitaxial growth of 
other compound semiconductors, and suggests that no sig- 
nificant dissociation of GaN occurs in this temperature range. 
In the next subsection, we analyze GaN growth conditions 
thermodynamically to determine thermal stability of GaN in 
the growth ambient. 
D. Thermodynamic calculations 
NZ is chemically unreactive and, hence, cannot be used 
as an N source for the GaN epitaxial growth. Consequently, 
NH, which has decomposed into NZ and H2 does not con- 
tribute to growth. In addition, it is known that NH, decom- 
position proceeds slowly in the gas phase and less than 10% 
of the input gas decomposes in a reactor.‘S’26 It follows that 
arrival of undecomposed NH3 at the growing interface is 
essential for GaN epitaxial growth. We  have reported that the 
dependence of GaN surface morphology on various growth 
conditions in direct growth can be interpreted by assuming 
that NH? surface decomposit ion dominates the epitaxial 
growth.“’ 
Assuming that NH, directly contributes to growth, GaN 
formation reaction in MOVPE is expressed as 
Gd.g) + N%(g) = GaW) + W2NMg) (1) 
because TMGa is considered to completely decompose into 
Ga at GaN growth temperatures. The equilibrium constant of 
reaction (l), K1, is given by 
17P 
-I- (“Cc) 
1100 1000 900 
I I I 
7.0 
l/T (x81;-’ K-’ ) 
9.0 
FIG. 8. Equilibrium constant of reaction (1) calculated using the GaN ther- 
modynamic data reported in Refs. 7-9. The thermodynamic data for Ga and 
NH, were taken from Refs. 27 and 28. 
K1=exp[-(AGfo,N-AG~o,-AG~~~)/RTl, (2) 
0 0 0 
where AGf oaN, AGf oa, and AGf NH3 are the standard 
free energies of formation of GaN(s), Ga(g), and NH,(g). 
When the partial pressures of Ga, NH3, and Hz, and PGa, 
PNH~, and PH? satisfy the relation 
P;~IPGJ-‘NH~-=, , (3) 
reaction (1) proceeds towards the left-hand side and GaN is 
formed. By using thermodynamic data available in the litera- 
ture, K, can be calculated as a function of temperature, as 4 0 
shown in Fig. 8. The data for AGfoa and AGfNH3 were 
taken from Refs. 27 and 28, and for AG; oaN from Refs. 7-9. 
The reliability of these data for GaN is checked in the Ap- 
pendix. When assuming negligible decomposit ion for NH, 
and complete decomposit ion for TMGa, we can estimate the 
p~~2zIpoahH3 value at 7~10~ atrn-‘12 under the present 
GaN growth conditions on the AlN buffer layer. In Table III, 
we also show the P~fIPGaPm, values calculated for the 
GaN growth conditions used in the previous experiments. 
These values are two to four orders of magnitudes smaller 
than K, and satisfy relation (3) in the temperature range of 
GaN epitaxial growth. This shows that GaN is thermody- 
namically stable’in the growth ambient despite the high N2 
dissociation pressures of GaN. 
The reason that relation (3) holds in the growth ambient 
is due to high free energy of NH, at high temperatures. In the 




has values of 1-2F10w4 atm-1’2 owing to the AG; NH3 val- 
ues of 20-25 kcal/mol.Z These small K, values show that 
almost all NH, should decompose into N, and H, if equilib- 
rium were reached. In other words, NH, which remains un- 
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FIG. 9. PidP$ ratio calculated under the present GaN growth conditions 
for two-step growth, using the GaN thermodynamic data reported in Refs. 
7-9. The thermodynamic data for NH3 were taken from Ref. 27. 
decomposed at these temperatures is quite unstable and re- 
active. Because of the slow decomposition and this 
reactivity, NH3 has a strong tendency to nitride various ma- 
terials at high temperatures. The ability is often related to a 
parameter defined by 
(5) 
by the analogy with NH, surface decomposition on such 
catalysts as Fe.29 In this decomposition process, atomic N is 
formed on the catalyst and it reaches equilibrium with NH:, 
and H2 in the gas phase. The parameter, Pg*, stands for the 
virtual pressure of N2 in equilibrium with N formed on the 
surface, and usually has much larger values than the real N, 
pressure in the gas phase. Thurmond and Logan7 studied the 
reactions between Ga and NH, in Hz ambients in the 900- 
1150 “C range, and observed that GaN is formed when P& 
exceeds the N2 dissociation pressure of GaN, P$z. They fur- 
ther studied GaN dissociation in the H, ambient in the same 
temperature range, and showed that P& calculated from the 
NH3 partial pressure in the exit gas is consistent withPi:. 
These experimental results strongly suggest that NH, has the 
potential to suppress thermal dissociation of GaN, and that 
PGz is a good measure of this potential. In Fig. 9, we show 
the PGzfP$l ratio calculated for the growth conditions used 
in this study. As shown, the ratio is several orders of magni- 
tude larger than unity in the temperature range for GaN ep- 
itaxial growth. This is also the case for P$Pe ratios-cal- 
culated for the growth conditions used in the previous 
experiments, as shown in Table III. These results indicate 
that the GaN growth ambient has sufficient potential to sup- 
press thermal dissociation of GaN. 
The above discussion explains the observed improve- 
ment in GaN properties with rise in GaN growth tempera- 
ture. That is, it is concluded from these results that thermal 
dissociation does not affect GaN properties because it is sup- 
pressed by the growth ambient. This conclusion is quite im- 
portant because it follows that GaN properties are not limited 
by the high N2 dissociation pressure. 
The above discussion cannot answer the question as to 
whether the origin of the dominant donor in GaN is an N 
vacancy. Actually, we cannot rule out the possibility of N 
vacancies caused by factors other than thermal dissociation. 
Judging from the large,XRC widths of GaN compared with 
those of GaAs- and InP-based compounds, it seems that GaN 
still includes many crystal imperfections, such as disloca- 
tions, stacking faults and/or grain boundaries. This is prob- 
ably due to incomplete relaxation of the large lattice mis- 
match between GaN and sapphire. We suspect that these 
crystal imperfections enhance the formation of native defects 
(including N vacancies) which degrade GaN properties. 
IV. CONCLUSIONS 
The dependence of surface morphology and layer prop- 
erties on various growth conditions was studied for low- 
pressure two-step growth of GaN on an AlN buffer layer. By 
comparing the experimental results of two-step growth and 
direct growth, we reached the following conclusions. 
(1) Surface morphology: The GaN(OOO1) surface is sta- 
bilized under the following growth conditions: (a) High H, 
partial pressure, (b) high total pressure, (c) high growth tem- 
perature, and (d) a low growth rate. These conditions serve 
as guidelines for obtaining mirrored surfaces on an AlN 
buffer layer. 
(2) Layer properties: Raising the AlN annealing tem- 
perature to 1200 “C and the GaN growth temperature to 
1050 “C is important for improving crystallographic, electri- 
cal, and luminescence properties of GaN. The improvement 
in the layer properties with rise in GaN growth temperature 
is consistent between two-step growth and direct growth. 
Thermodynamic calculations show that thermal dissociation 
of GaN is suppressed by NH3 in the growth ambient. From 
these results, it was concluded that the dominant donor in 
GaN is not caused by thermal dissociation of GaN. 
The improvement in layer properties by raising the 
growth temperature is also consistent with the general ten- 
dency in epitaxial growth of other compound semiconduc- 
tors. This indicates that the high epitaxial growth tempera- 
tures of GaN do not limit layer properties. At present, GaN 
crystallinity is still unsatisfactqry compared with those of 
GaAs- and InP-based compound semiconductors. This would 
be due to incomplete relaxation of the lattice mismatch be- 
tween GaN and sapphire. We believe that GaN properties can 
be improved further by finding a more closely lattice- 
matched substrate or by developing more efficient method of 
relaxing the lattice mismatch. 
APPENDIX: N, DISSOCIATION PRESSURE OF GaN 
Nz dissociation pressure of GaN is defined as N2 pres- 
sure which gives thermal equilibrium to the reaction 
GaN(s) = Ga(d’) + (i)N,(g), (Al) 
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FIG. 10. N2 dissociation pressure of GaN reported in Refs. 7-9,30, and 34. 
and is related to the standard free energy of formation of 
GaN by the following expression: 
(1/2)RT ln vP$;= AG; oaN 
D  
=AHfGaN-TA&.. 
Here, v is the fugacity coefficieat of N2 and is unity when the 
gas is ideal. AH; oaN and ASf oaN are the standard heat of 
formation and the standard entropy of formation of GaN. 
However, reported 
discrepancies,7-9>3d31 
values for P$: show large 
as shown in Fig. 10. Here, we describe 
the methods of determining these equilibrium pressure 
curves in order to examine their reliability. 
MacChesney et aL3’ calculated the curve based on their 
observation of thermal instability of GaN at 1600 “C under 
700 atm. They assumed this cyndition to correspond to an 
equilibrium state and used AHf oaN determined by measure- 
ments of the heat of combustion of GaN.31 Thurmond and 
Logan’ used the same AH; oti data, but assumed AS; oaN to 
be the same as the standard entropy of formation of Zn0,32 
according to a suggestion made by Sime and Margrave. 
The calculated curve was shown to be consistent with the 
experimental observations for GaN formation and dissocia- 
tion in NH, and H2. ambients in the 900-1150 “C range, as 
described in Sec. III. D. Jones and Rose34 calculated the 
curve using the quasichemical equilibrium model. The en- 
tropy of fusion and the melting point of GaN were estimated 
semiempirically. The calculated curve was found to be lo- 
cated in the middle of the experimental data reported 
previously. 15,30*33 Madar et aZ.* heated GaN in the tempera- 
ture range up to 1200 “C and the pressure range up to 8X lo3 
atm, and investigated thermal instability of GaN by observ- 
J. Appl. Phys., Vol. 77, No. 1, 1 January 1995 
ing Ga droplet formation. Karpinski et aL9 carried out simi- 
lar experiments up to much higher temperatures and pres- 
sures, and observed discrepancy of the fugacity coefficient of 
N 3 from unity above 1100 “C. The dashed line in Fig. 10 is 
an extrapolation of the straight part in Karpinski et al.3 
curve. In both of the last two studies,9V10 GaN formation from 
Ga and N2 was observed under the thermally stable condi- 
tions that were obtained. 
The most important point to be checked here is the con- 
sistency between the curves and the thermally stable condi- 
tions observed experimentally for GaN. MacChesney et aL3’ 
did not observe thermally stable conditions for GaN and as- 
sumed an unstable condition to be in equilibrium. Therefore, 
they probably underestimated the equilibrium pressure. 
Jones and Rose34 compared their curve with experimen- 
tal data reported in Refs. 15, 30, and 33. Lorenz and 
Binkow& measured pressure increases in a sealed reactor 
where GaN was heated. Sime and Margrave measured 
weight loss of GaN that was heated in N, and H, flow am- 
bients. The weight loss data was used to calculate the vapor 
pressure of GaN. Because of slow GaN dissociation,35 how- 
ever, it is quite difficult to attain equilibrium for reaction 
(Al) unless a static system is used for the experiments.36 
Actually, no saturation was observed for the pressure in- 
crease in Lorenz and Binkowski’s experiments.15 Schoon- 
maker et ~1.~~ predicted that N2 pressure emitted from GaN 
could be several orders of magnitude smaller than the Nz 
dissociation pressure of GaN when GaN is heated in an open 
system. Thus, the pressure increases reported in Ref. 15 and 
the vapor pressure reported in Ref. 33 are probably much 
smaller than the N, dissociation pressure of GaN. Therefore, 
Jones and Rose’s comparison34 with the data of Refs. 15 and 
33 is not important. Furthermore, Jones and Rose’s curve is 
located below MacChesney et al.‘s curve.3o Hence, this 
curve is also not reliable. 
In contrast, Madar et al.’ and Karpinski et aL9 used a 
static system to study thermal equilibrium of reaction (Al). 
The observation of GaN formation from Ga solution proves 
that equilibrium was attained in their experiments. Thus, we 
believe that the curves obtained in these two papers are the 
most reliable. Actually, these two curves only differ by a 
factor of 5. The curve reported by Thurmond and Logan7 is 
very close to that reported by Madar et d.,’ as long as it is 
compared in the temperature range of Thurmond and Lo- 
gan’s experiments. This agreement does not justify their as- 
sumption that the thermodynamic data of GaN are similar to 
those of ZnO, because the agreement is limited to this tem- 
perature range. However, Thurmond and Logan’s study is 
quite important because it shows that NH, ambients have the 
potential to suppress the high N2 dissociation pressure of 
GaN. 
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